Abstract: The paper deals with a CFD based study of the transverse permeability of a textile woven structure. The reported numerical investigation is preconditioned by both previous experimental and CFD study on jet systems. It is also based on detailed experimental investigation of the porous structure of single layer woven fabrics, made of staple fiber yarns. The flow in through-thickness direction of the woven structures is presented as jet systems, issuing from set of orifices. Two different types of jet system (3 × 3 jets and 5 × 5 jets) with two types of jet cross sections (square and circular), corresponding to two different woven structures, are simulated. An analysis is made in terms of the structure of the woven fabrics (area and shape of the interstices between the threads), the parameters of the flow passing through the textile (velocity profiles and velocity fields through isosurfaces), the role of the type of the jet systems, representing the flow and the influence of the shape of the interstices between the threads on the flow pattern. It was found that the applied approach could be effectively used for studying of the transverse permeability of the woven fabrics.
Introduction
Precise assessment of air-permeability during the design stage of textiles is of great importance, as it can reduce the cost in development of new structures. Woven fabrics with controlled permeability are used in a wide range of applications: medical filter or separation media, air-bags, tents, air-conditioning systems, sails, etc. They are made of monofilaments, multifilaments, staple fiber yarns, or com- * E-mail: radost@tu-sofia.bg bination of them. Different types of densities, porosity, and patterns are used. Single layer woven structures are manufactured by interlacing warp and weft threads, which are perpendicularly set up in the fabric. The threads lie on a particular distance from their neighbor yarns, thus forming interstices in each direction. The volume of the interstices and their number per unit area are the main responsible for the air permeability of the woven structures. The permeability of a woven structure can be experimentally assessed by the flow rate of the airflow through the fabric, when a pressure gradient between the two faces of the fabric exists. However, the fabric has to be manufactured. Therefore the CFD based prediction of the air permeability can be very beneficial in the design stage, enabling precise constructional parameters of the fabric to be set, so as desired permeability of the structure to be obtained. There are several published studies, which deal with the problem of air permeability of textiles. However, many of them are oriented to non-wovens and their particular application as filter media, hygienic materials, diapers, etc. A model for the permeability of two types of non-wovens with a patterned structure, which involves sections with lower and higher permeability (as it is in some cases of the woven structures as well), was presented in [1] . Xu and Wang [2] simulate the permeability based on the Hagen-Poiseuille law, establishing relationship between permeability of interyarn interstices and fabric structures. The experimental validation with experimental data showed a very strong influence of the interyarn pores on fabric permeability. Earlier, the authors of [3] used also Poiseuille formula together with Darcy law to establish a predictive equation for theoretical analysis of the dependence of the air permeability on the fabric structure. However, the permeability modeling based on Hagen-Poiseuille law is limited to the case of woven structures made of monofilaments. In the work of [4] a statistical methods was applied so as to develop an equation for the woven structures' air-permeability, whilst a method, based on neural nets, was developed in [5] . Recently, CFD was applied for investigation of the filter abilities of woven structures [6] . The woven sample was placed in a rectangular domain, as in our numerical simulation. The powerful software package FLUENT, applied in the present study as well, was used. Wang et al. [7] simulated fluid flow in a unit cell of monofilament woven fabric, using similar to the applied in the present study approach: to describe the whole structure on the basis of a single element. A specialized software code for CFD calculations of the transverse permeability of woven composites was developed in [8] . Recently Nabovati et al. [9] went deeper in the knowledge of through-thickness permeability of multifilament woven structures, using Latice-Boltzman method in their simulations. The present research is based on extended experimental and numerical studies of the authors on both single turbulent jets and turbulent jet systems with different geometry of the output cross-section [10, 11] . It uses also results from a systematic study on jet systems, resulting from single turbulent jets interaction [12] as well as from a precise experimental investigation of the pores' size and their distribution in different types of woven structures [15] . The aim of the study is to develop a novel approach for simulation of the woven fabrics' permeability, based on the present abilities of CFD and the gained knowledge on jet systems. 3D simulation of the through-thickness permeability of woven structures, made of staple fiber yarns is performed by using FLUENT general purpose software package. The numerical results presented are verified on the basis of experimental data, previously obtained by the authors.
Theoretical background
The air, moving through the interstices in the woven structure, can be considered as jet systems. The reason is that the specific inner geometry of a single layer woven fabric is similar to tube-like porous structure. This is the basic consideration for applying CFD as a tool for modeling the air permeability of this structure. Previous studies of the authors on single turbulent jets and turbulent jet systems with different geometry of the output cross-section have given the necessary background for the transformation of the fabric interstices in orifices with single or square shape [11, 14] . The study in [14] was especially addresses to precise definition of the boundary conditions for the turbulent kinetic energy k and its dissipation rate ε, with respect to CFD modeling. The experimental results on jet systems, resulting from single turbulent jets interaction, obtained in [12] , and the dependences derived for the main aerodynamic characteristics of the systems, allowed the systems' behavior to be predicted. Hence, the obtained results can be successfully used in the present study for validation of the numerical results from the performed CFD simulation. The application of a CFD code for simulation of the air permeability of woven fabrics requires the microstructure of the pores between the threads and pore distribution to be known [16] . A method for determination of the pore size and geometry, which determine the flow jets through the interstices, is also developed. The necessity for the last is preconditioned by the strongly non-uniform shape, size, area and distribution of the interstices in the woven structures. They need to be approximated to pores with equal shape and area [15, 17] . It is important for the present study the parameters of a jet system to be defined. Stankov [12] classifies the jet systems as in-line ordered jets, in-corridor ordered jets and chess-board ordered jets (Figure 1 ). The systems also differ in terms of the geometry of the single jets. Axially symmetric and rectangular geometry are the most widely used in engineering practice. As Figure 1 shows, the main parameters of a jet system are: the steps S and S in the respective coordinate axis, the geometry of the output cross-section E = l 0 /b 0 and the equivalent radius
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The flow, passing through the single layer woven structure, is approximated in the present study as a system of in-corridor ordered jets. As Figure 2 illustrates, the interstices between the threads can be depicted as sys- 
VARIABLES OF THE COMPUTATIONAL CASES
Type of the jet system in-corridor ordered jets 3x3, 5x5
Number of yarns per type of the jet system 4x4, 6x6
Shape of the cross-section of the interstices square, circular Table 2 shows the details, related with the computational grid. Figure 3 visualizes the grid in case of simulation of 6 threads, 5x5 in-corridor jets with square shape. The grid for the simulated case of 4 threads, 3x3 in-corridor jets with circular shape is presented on Figure 4 . tems of jets, issuing form circular or square orifices. It should be mention that square shape can be frequently observed in case of monofilament or multifilament woven fabrics, whilst circular shape of the pores is typical for fabrics, made of staple fiber yarns [15] . This approximation is made on the basis of the strongly defined geometry of the woven structure, which includes repetitively alternation of threads and voids. Each jet of the system is representative of any other jet, provided that it is surrounded by at least 8 jets of in-corridor ordered jet system [12] . This allows such an element to be isolated from the system, thus facilitating the investigation and reducing the CPU time.
Numerical procedure
FLUENT 6.3.26 CFD commercial software package is used for the simulations. The geometry of the structure investigated is built in the pre-processor GAMBIT 2.4.6 [13] . FLUENT is based on Control volume discretization method. Reynolds averaged Navier-Stokes (RANS) based mathematical model, implicit pressure based coupled solver and SIMPLE type algorithm are used. Second order upwind discretization scheme was chosen together with k-ε and RSM turbulent models.
The woven structure consisted of a brick of the size 0 225 × 1 365 × 1 365 mm 3 , immersed in a pipe-like domain, 4 mm after the domain inlet and 8 mm before the domain outlet, so that to assure the total flow formation. These dimensions were established on the basis of preliminary simulations (that are subject to different report), as a compromise between the required CPU time and the necessary flow development. The equivalent area of a jet (pore area) is 0.024025 mm 2 , which corresponds to length of the square jet l = 0.155 mm and a diameter of the circular jet d = 0.1749 mm. The dimensions are taken from real woven sample [15] . The surrounding walls of the domain were set as symmetrical boundaries. Pressure difference between the two faces of the fabric was set to 20 mm water column [18] . Table 1 summarizes the computational cases. Table 2 shows the details, related with the computational grid. Figure 3 visualizes the grid in case of simulation of 6 threads, 5 × 5 in-corridor jets with square shape. The grid for the simulated case of 4 threads, 3 × 3 in-corridor jets with circular shape is presented on Figure 4 . Figure 5 illustrates the comparison of the numerical and experimental results for the maximum velocity decay of the central jet, in case of a system of in-line ordered jets. The influence of the computational grid on the accuracy of the numerical results is also illustrated. The influence of the turbulent model used can be seen on Figure 6 . The comparison made shows that the CFD based predictions are correct and the numerical results for the flow parameters are reliable. On the basis of the tested cases fine grid and RSM turbulence model were selected for the simulation of the investigated woven structure, as they give most accurate results, compared to experimental data ( Figure 5 and 6).
Verifications

Numerical Results
Effect of the shape of the interstices
The shape of the interstices depends strongly on the type of the threads in the woven structure: staple fiber yarns, monofilaments, or multifilaments. In the case of monofilaments only the shape of the pore is close to rectangular or shows that the CFD based predictions are correct and the parameters are reliable. On the basis of the tested cases fine were selected for the simulation of the investigated wove accurate results, compared to experimental data ( Figure 5 and square one. When spun yarns or multifilaments are used, the "corners" of the interstices are quite rounded, due to the friction between the interlacing yarns that makes part of the fibers or monofilaments to separate from the core of the threads. This preconditions the interstices to be considered as having a shape, very close to circular one. CFD modeling of the flow through interstices with circular or square shape allows to assess how important is the shape of the voids for the flow pattern through the woven structure. Figures 7 and 8 illustrate the velocity profiles of jet systems with square and circular shapes, respectively. As it was explained in the theoretical section, both are idealized cases. The analysis of the velocity profiles through different lateral cross-sections of the flow after the woven structure shows, that there are no significant differences between them. The velocity decay in case of circular jet system is a bit faster in the initial region of the jets (at a 
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NUMERICAL RESULTS
Effect of the shape of the interstices
The shape of the interstices depends strongly on the type of the threads in the woven structure: staple fiber yarns, monofilaments, or multifilaments. In the case of monofilaments only the shape of the pore is close to rectangular or square one. When spun yarns or multifilaments are used, the "corners" of the interstices are quite rounded, due to the friction distance of 2 mm after the woven structure). However, the flow downstream develops in a similar way to the square jet system both qualitatively and quantitatively. This particular funding is especially important for theoretical calculation of the internal geometry of single layer woven structures or for simulation of technological processes in textiles, which are influenced by the interstices between the threads.
Influence of the number of the interstices
Figures 9 and 10 visualize the velocity field through isosurfaces for 3 × 3 in-corridor jet system and 5 × 5 incorridor jet system respectively, with square shape of the interstices of the woven structure. The numerical results show that the number of the simulated jets does practically not influence the velocity contours. The slight differences, which can be observed, do not express any regular dependence of the number of the jets simulated. In fact, the result is expected, as the experimental studies of jet systems have shown, that an element of 3 × 3 jets (or a woven structure shows, that there are no significant differences between them. The velocity decay in case of circular jet system is a bit faster in the initial region of the jets (at a distance of 2 mm after the woven structure). However, the flow downstream develops in a similar way to the square jet system both qualitatively and quantitatively. This particular funding is especially important for theoretical calculation of the internal geometry of single layer woven structures or for simulation of technological processes in textiles, which are influenced by the interstices between the threads. Influence of the number of the interstices Figures 9 and 10 visualize the velocity field through isosurfaces for 3x3 in-corridor jet system and 5x5 in-corridor jet system respectively, with square shape of the interstices of the woven structure. The numerical results show that the number of the simulated jets does practically not influence the velocity contours. The slight differences, which can be observed, do not express any regular dependence of the number of the jets simulated. In fact, the result is expected, as the experimental studies of jet systems have shown, that an element of 3x3 jets (or a single jet surrounded by 8 jets) is fully representative for a jet system of unlimited number of jets [12] . From the point of view of the investigated woven structure, this result shows, that flow through a single layer woven fabric can be modeled by using only 4x4 yarns with 9 interstices in between. The last will reduce the costs of the simulations, including the CPU time. single jet surrounded by 8 jets) is fully representative for a jet system of unlimited number of jets [12] . From the point of view of the investigated woven structure, this result shows, that flow through a single layer woven fabric can be modeled by using only 4 × 4 yarns with 9 interstices in between. The last will reduce the costs of the simulations, including the CPU time.
Conclusions
A complex CFD based 3D study on air-permeability of single layer woven structure is presented. The results obtained from the simulation clearly show, that the simulation of the flow through woven textile structure of a single layer can be made on the basis of a pattern of 4 threads in longitudinal and transversal direction, including a system of 3 × 3 interstices between the yarns. The shape of the interstices can be either circular or square, as it does not practically affect the flow field after the woven structure. These results are very important for both simplifying further numerical simulations and for 434 R.A. Angelova, P. Stankov, I. Simova, I. Aragon Figure 8 . Velocity profiles: 3x3 in-corridor jets with circular shape. 
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A complex CFD based 3D study on air-permeability of single layer woven structure is presented.
The results obtained from the simulation clearly show, that the simulation of the flow through woven textile structure of a single layer can be made on the basis of a pattern of 4 threads in longitudinal and transversal direction, including a system of 3x3 interstices between the yarns.
The shape of the interstices can be either circular or square, as it does not practically affect the flow field after the woven structure. These results are very important for both simplifying further numerical simulations and for simulation of textile processes, related to specific finishing treatment of woven fabrics.
The results obtained clearly show the strong advantages, offered by CFD, especially in the design stage of textiles with prescribed air permeability. The CFD based simulation enables optimization of the fabric permeability to be done, avoiding the manufacturing of samples. simulation of textile processes, related to specific finishing treatment of woven fabrics. The results obtained clearly show the strong advantages, offered by CFD, especially in the design stage of textiles with prescribed air permeability. The CFD based simulation enables optimization of the fabric permeability to be done, avoiding the manufacturing of samples.
